The introduction or invasion of nonnative fishes is a major contributing factor in the decline of native fish faunas (Courtenay 1995; Rahel 2002) , including that of the Colorado River (Tyus and Saunders 2000) . Over the past century, more than 50 species of nonnative fishes have become established in the Colorado River basin (Rinne and Minckley 1991) . Centrarchid fishes in particular are considered major predatory or competitive threats to native fishes of the Colorado River drainage (Tyus and Saunders 2000) , including four federally endangered species (bonytail Gila elegans, Colorado pikeminnow Ptychocheilus lucius, humpback chub G. cypha, and razorback sucker Xyrauchen texanus). Within the upper basin of the Colorado River an intensive endangered fish recovery program has been in place since 1988 and over US$81,000,000 was spent during 1989 to 1900 (USFWS 2004) , but many populations of these native fishes have continued to decline.
Four habitat types have been identified in the upper Colorado River basin in the area designated as critical habitat for federally endangered fishes: (1) the main river channel, (2) associated backwaters, (3) beaverimpounded backwaters (these three habitats will hereafter be collectively referred to as riverine habitats), and (4) floodplain ponds. The large number of potential sources and the inability to determine specific habitats where nonnative fishes are reproducing and recruiting has been a vexing problem for managers. Control of nonnative fishes has been a recovery program goal since 1996, but control efforts have been unsuccessful. Recent work (Martinez 2004) focused on chemical removal and physical isolation of nonnative centrarchids in floodplain ponds under the assumption that these habitats contributed the bulk of the centrarchids to the Colorado River (Tyus and Saunders 2000) . Unfortunately, there was no evidence [Article] that abundance of nonnative fishes in the river was affected by control efforts in floodplain ponds (Martinez and Nibbelink 2004) . Clearly there is a need to learn more about the most important sources of nonnative fishes to the river to maximize the efficacy of control efforts.
Fisheries managers would benefit from knowledge of the origins and movement patterns of nonnative fishes, which could provide insights into the most promising and efficient control strategies. However, a conventional means to determine nonnative fish sources to the upper Colorado River has not been feasible because physical sampling and mark-recapture techniques are impractical given the scale of the problem. In our study area, there are over 400 ponds within the 100-year floodplain, and more than 200 others nearby, many of which are located on private land (Martinez 2004; Martinez and Nibbelink 2004) . The advent of stable isotopic and microchemical analyses of otoliths that exploit natural markers reflecting a fish's environmental history throughout its lifetime (Campana and Thorrold 2001) provided an exciting new avenue for the study of nonnative fish sources.
Much of the previous work using otolith microchemistry for studies of fish environmental history has focused on trace element concentrations and isotopic ratios (e.g., strontium : calcium [Sr:Ca] , barium : calcium [Ba:Ca] , or strontium isotope [ 87 Sr: 86 Sr] ratios) in estuarine and anadromous fishes (e.g., Thorrold et al. 1998; Limburg 2001; Secor et al. 2001; Kennedy et al. 2002 ) because large differences in salt-and freshwater chemical composition are reflected and easily detected in otoliths (Graustein 1989; Campana 1999) . However, otolith microchemistry and isotopic analysis have also recently proven useful in studies of fish origins and environmental history within freshwater systems (e.g., Kennedy et al. 1997; Wells et al. 2003; Brazner et al. 2004) . In this paper, we describe how we used a natural marker (otolith Sr:Ca ratio) that has previously been applied to detect residence in environments that differ greatly in salinity (e.g., Kalish 1990; Limburg 2001) in conjunction with the first application of stable hydrogen isotope analysis of otoliths (Whitledge et al. 2006 ) to determine sources (floodplain pond versus riverine habitats) of nonnative centrarchid fishes, namely, largemouth bass Micropterus salmoides, green sunfish Lepomis cyanellus, bluegill L. macrochirus, and black crappie Pomoxis nigromaculatus, in the upper Colorado River. We also indicate how this information can be used to guide managers seeking to protect and recover the upper Colorado River basin's native fish assemblage.
Study Area
The study area for this research encompassed a 140-km reach of the upper Colorado River and adjacent floodplain habitats in west-central Colorado from the town of Rifle (39831. approximately 24 rkm upstream from Grand Junction to the lower limit of our study area) divert a substantial portion of river water for agricultural and municipal uses during spring, summer, and fall. The river in the study reach is composed primarily of run and riffle habitat with a bed of cobble and gravel. The river's banks and adjacent floodplain are composed of silt and sand with some bank segments modified by levees or rip-rap. Ephemeral, low-velocity backwater habitats are common downstream from islands or at the mouths of secondary channels in braided reaches. Backwaters are small (,0.3 ha) and shallow (maximum depth , 2 m) with silt and sand substrate and few or no aquatic macrophytes, although woody debris is sometimes present. Many backwaters and side channels have been dammed by beavers Castor canadensis, forming small impoundments.
More than 400 ponds (mostly farm ponds and gravel pit depressions) occur in the 100-year floodplain of the Colorado River within the study reach; about 350 of these ponds are within the Grand Valley. Ponds sampled for this study had surface areas less than 4 ha and maximum depths less than 5 m. Pond substrates consist of sand and silt with varying quantities of aquatic plants (mainly Chara and Potamogeton spp.) depending on depth, slope, and water clarity. Some ponds are isolated from the Colorado River; others are permanently or periodically connected to the river by irrigation ditches or overland flow during spates. Salinity in many Grand Valley ponds and ditches frequently exceeds 1% (Butler and Osmundson 2000) ; salinities as high as 26% were measured in conjunction with this study. Elevated salinities are a consequence of irrigation water leaching minerals from Mancos shale, a marine formation that underlies the entire Grand Valley, coupled with high evaporation rates (Butler and Osmundson 2000) . Irrigation water also leaches Sr, an element that commonly substitutes for Ca in otoliths, from Mancos shale. Strontium concentrations are elevated in surface waters receiving irrigation water 1264 that has percolated through soils derived from Mancos shale and are further increased by evapotranspiration (Gerner et al. 2006) .
Methods
Field sampling.-Water samples for stable hydrogen isotope analysis were collected from 27 floodplain ponds, 19 backwaters not impounded by beavers, 5 beaver-impounded backwaters, and 13 Colorado River main-channel locations. Floodplain ponds were selected based on accessibility and included five sites upstream from the Grand Valley (one every 10-20 km) and at least one site every 4-8 rkm within the Grand Valley. Ponds were also chosen to encompass the full range of river-pond connectivity (isolated, ditch-connected, and periodically connected ponds). River main-channel sampling sites were adjacent to pond sampling locations. Water samples were obtained from backwaters sampled for fish and six additional unimpounded backwater and beaver-impounded backwater habitats. Samples were collected during November 2003 , April 2004 , and July 2004 to enable assessment of seasonal changes in water stable hydrogen isotopic composition. Water samples were stored in scintillation vials containing minimal air space and sealed with Parafilm to curtail evaporative loss and fractionation (Kendall and Caldwell 1998) . Conductivity (lS/cm) and salinity (%) were measured in conjunction with each water sample using a portable meter.
Centrarchids (n ¼ 282; 141 green sunfish, 94 largemouth bass, 32 bluegills, and 15 black crappies) were collected from 18 backwaters (both beaverimpounded and unimpounded) in the Grand Valley during 2004 by electrofishing. Fish sampling locations were chosen to include backwaters with and without tributaries or inflowing ditches and locations above and below the Gunnison River confluence. Backwaters sampled for fish were dispersed along the 53-km reach of the Colorado River within the Grand Valley; mean distance between backwater sampling sites was 2.8 rkm. An additional 86 centrarchids (46 green sunfish, 25 largemouth bass, 11 bluegills, and 4 black crappies) were collected in the river's main channel throughout the 140-km study reach. Total length of each fish was measured to the nearest mm. Fish were placed on ice immediately after capture and stored frozen until otoliths were removed.
Laboratory procedures.-Sagittal otoliths were removed from fish using nonmetallic forceps, rinsed with distilled water, and stored dry in polyethylene vials until preparation for analysis. From each fish one otolith was analyzed for stable hydrogen isotopic composition; protein was the source of hydrogen analyzed in otoliths. Otoliths less than 2.5 mg used for hydrogen isotope analysis were analyzed whole; otoliths greater than 2.5 mg were ground to obtain a 2-2.5-mg core sample centered on the otolith nucleus with a Dremel rotary tool. Resolution of stable hydrogen isotope analysis using this procedure corresponded to about the first year of a fish's life based on mean 6 SE otolith mass for late age-0 (bluegill, 1.7 6 0.2 mg; green sunfish, 1.8 6 0.3 mg; and largemouth bass, 1.5 6 0.1 mg) and age-1 (bluegill, 3.5 6 0.2 mg; green sunfish, 3.9 6 0.4 mg; and largemouth bass, 3.1 6 0.4 mg) fish from our study area aged with otolith annuli counts. The second otolith from each fish was embedded in Epo-fix epoxy, sectioned in a transverse plane using an ISOMET low-speed saw, and polished to reveal annuli. Age was estimated for each fish by counting otolith annuli. Otolith thin sections were prepared for analysis under a class 100 laminar flow hood and handled only with nonmetallic acid-washed forceps. Thin sections were mounted on acid-washed glass slides using double-sided tape, ultrasonically cleaned for 5 min in ultrapure water and dried for 24 h under the laminar flow hood. Mounted and cleaned thin sections were stored in acid-washed polypropylene Petri dishes in a sealed container until analysis.
Water and otolith core samples were analyzed for stable hydrogen isotopic composition using a hightemperature conversion elemental analyzer (TC/EA) interfaced with a Thermo Finnigan Delta Plus XL isotope ratio mass spectrometer. Hydrogen isotope ratios are reported in standard d notation, defined as the per mille (%) deviation between the isotope ratios of a sample and a standard (Vienna Standard Mean Ocean Water), that is, dD ¼ ½ðR sample =R standard Þ À 1 Á 1;000; where R represents 2 H/ 1 H. The mean coefficient of variation among replicate measurements was 0.7% for water samples (n ¼ 2-3 replicates per sample) and 0.9% for solid samples (n ¼ 2 replicates per sample).
Otolith thin sections were analyzed for 88 Sr and 44 Ca using a Perkin-Elmer ELAN 6000 inductively coupled plasma mass spectrometer (ICPMS) coupled with a CETAC Technologies LSX-500 laser ablation system. A transect was ablated with the laser on each otolith thin section extending from the otolith nucleus to its edge along the longest axis (beam diameter ¼ 25 lm, scan rate ¼ 10 lm/s, laser pulse rate ¼ 10 Hz, laser energy level ¼ 9 mJ, wavelength ¼ 266 nm). A standard developed by the U. S. Geological Survey (MACS-1, CaCO 3 matrix) was analyzed every 12-15 samples to adjust for possible instrument drift. Each sample analysis was preceded by a gas blank measurement.
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Isotopic counts were converted to elemental concentrations (lg/g) after correction for gas blank, matrix, and drift effects. Strontium concentrations were normalized to Ca concentration based on the consideration of calcium as a pseudointernal standard (Bickford and Hannigan 2005; Ludsin et al. 2006) ; data are reported as Sr:Ca ratios (mmol/mol) for consistency with published otolith microchemistry literature and reflect differences in Sr concentration among samples. Mean limit of detection for 88 Sr was 0.09 lg/g; otolith 88 Sr concentrations ranged from 494 to 6,952 lg/g. Analytical precision for Sr:Ca was 3% or better. Isotopic intensities from a blank epoxy sample did not exceed background levels for 88 Sr or 44 Ca. Data analysis and determination of centrarchid origins.-Differences in median water dD values among habitats (floodplain ponds, backwaters, beaver-impounded backwaters, and river main channel) were assessed by means of Kruskal-Wallis analysis of variance (ANOVA) by ranks. This nonparametric procedure was used because water dD values in some habitats were not normally distributed (Shapiro-Wilkes test: P , 0.001) and could not be made so by simple transformations. Possible influences of conductivity, floodplain pond surface area (ha), and mean floodplain pond depth (m) on water dD were assessed using Spearman rank correlation coefficients.
Classification of fish as having floodplain pond or riverine dD signatures in their otolith cores was accomplished with a model that delimited the expected otolith dD values for fish from these two habitat types. To construct our source habitat classification model, the fifth percentile of floodplain pond water dD values (À116.5%) and 95th percentile of riverine water dD values (À117.2%) were identified. Expected values (62 SE) for otolith dD were calculated for each of the above water dD cutoff values using a regression model relating water and otolith dD developed with fish of known environmental history (Whitledge et al. 2006 ). An upper 95% confidence limit of predicted riverine fish otolith dD and lower 95% confidence limit for predicted floodplain pond fish otolith dD served as thresholds in the model. Using this model, fish with otolith core dD values of at least À128.8% were identified as having a floodplain pond signature during their first year of life, fish with otolith core dD values of at least À134.2% possessed a riverine age-0 signature, and the origin of fish with intermediate otolith core dD values was uncertain. Variance associated with the regression model relating water and otolith dD (Whitledge et al. 2006 ) was responsible for the small region of overlap in predicted ranges of otolith dD signatures expected for floodplain pond-and riverine-origin fish. The relationship between water and otolith dD values is consistent among the species collected for this study (Whitledge et al. 2006) .
Chi-square tests were applied to assess the significance of the differences in relative frequencies of centrarchids with floodplain pond, riverine, and uncertain otolith core dD signatures by species, fish age, and river reach (upstream versus within the Grand Valley, and above versus below the Gunnison River confluence), and between individuals collected from main-channel and backwater habitats. For fish collected in backwaters, a chi-square test was used to evaluate differences in relative frequencies of individuals with pond, riverine, and uncertain otolith core dD signatures with respect to presence or absence of inflowing ditches or tributary washes. Alpha level (0.05) was divided by the number of chi-square tests to account for the possibility of encountering significant outcomes resulting from chance alone. Differences in median total length of fish with pond, riverine, and uncertain otolith core dD signatures were assessed for each species using Kruskal-Wallis ANOVA by ranks. For fish with floodplain pond otolith core dD signatures, pond water dD was back-calculated using a regression model relating water and otolith dD developed with fish of known environmental history (Whitledge et al. 2006) .
Otolith Sr:Ca ratios complemented otolith dD analysis by identifying fish that previously resided in environments (some ponds, irrigation ditches) whose salinity exceeded that of riverine habitats. A threshold Sr:Ca ratio was used to distinguish periods of residence in high-salinity (salinity exceeding that of riverine habitats, high Sr:Ca) versus low-salinity (salinity not exceeding that of riverine habitats, low Sr:Ca) environments. This threshold Sr:Ca ratio was defined by an upper 95% confidence limit predicted for riverine-resident fish (2.09 mmol/mol, corresponds to a salinity of 1.7 %) using a relationship between otolith Sr:Ca ratio and environmental salinity (Figure 1 ) and the highest salinity value recorded in riverine habitats in conjunction with water sampling (1.2%). The relationship between otolith Sr:Ca and salinity was developed using centrarchids collected from locations in which they were known to have lived solely within one water body (isolated ponds in which fish were naturally reproduced and no stocking occurred and stocked ponds with no opportunity for natural immigration). Different species from the same location had statistically indistinguishable otolith Sr:Ca ratios (Kruskal-Wallis test: P ¼ 0.29); Sr:Ca varied by less than 0.5 mmol/mol along laser-ablated transects from otolith core to edge for individual fish. The significant positive relationship between otolith Sr:Ca ratio and salinity of ponds in our study area is probably the result 1266 of higher Sr concentrations in waters with elevated salinities; concentrations of both Sr and major salinityinfluencing ions are increased by evapotranspiration and influx of irrigation-derived water that has leached elements from Mancos shale underlying much of our study area (Gerner et al. 2006 ). Otolith Sr concentration reflects that of the water in which fish live (Howland et al. 2001; Zimmerman 2005) ; thus, our otolith Sr:Ca data are indicative of differences in Sr concentration among fish (and the environments in which they lived) because we treated Ca as an internal standard (Bickford and Hannigan 2005; Ludsin et al. 2006) . Strontium : calcium ratios for centrarchids of unknown history collected in riverine habitats were calculated based on integrations over entire laser transects when no evidence of fish movement from high-salinity to low-salinity environments was present (initial Sr:Ca 2.09 mmol/mol; Sr:Ca varied by ,0.5 mmol/mol from beginning to end of transect; Figure  2A ). When evidence of fish emigration from highsalinity environments was present (initial Sr:Ca . 2.09 mmol/mol, with at least one abrupt decline to a final Sr:Ca ratio , 2.09 mmol/mol; Figure 2B , C), Sr:Ca ratios were calculated separately for high-salinity and low-salinity portions of transects. Differences in median otolith core Sr:Ca ratios among fish with pond, riverine, and uncertain otolith core dD signatures and differences in median otolith core Sr:Ca ratios among species were both assessed using Kruskal-Wallis ANOVA by ranks. Effect of fish age on otolith core Sr:Ca ratio was evaluated using Spearman rank correlation coefficients. Age at immigration was determined for individuals that showed evidence of movement from high-salinity to riverine environments by associating locations of abrupt declines in otolith Sr:Ca ratio along laser-ablated transects in relation to annuli.
Results
Floodplain pond water samples were enriched in 2 H compared with water collected from the three riverine habitats ( Figure 3) ; the ranges of floodplain pond and riverine water dD values did not overlap. Median water dD was greater for floodplain ponds compared with beaver-impounded backwaters, unimpounded backwaters, and the river main channel (P , 0.0001). Differences in median water dD values among the three riverine habitats were not significant (P ¼ 0.33). Absence of overlap in ranges of floodplain pond and riverine water dD values occurred despite incorporation of seasonal variation within habitats. Water dD was positively correlated with conductivity (r s ¼ 0.69, P , 0.0001), but conductivity ranged from 759 to 37,000 lS/cm among locations where water dD was greater than À80%. Floodplain pond water dD was not correlated with mean pond depth (P ¼ 0.65) or surface area (P ¼ 0.92).
Median otolith core dD was À125.6% (inter-quartile range, À122.8 to À127.6%) for fish classified as being of floodplain pond origin (Figure 4 ). Median otolith core dD was À138.7% (inter-quartile range, À136.5 to À141.4%) for fish with riverine otolith core dD signatures. Back-calculation of water dD from otolith core dD (Whitledge et al. 2006) revealed that 68 of the 82 fish (83%) with floodplain pond otolith core dD signatures emigrated from ponds with water dD values between À100 and À116% (mean, À104.0%; SE, 2.0; range, À29.7 to À115.8%).
Significant differences in the relative proportions of individuals with floodplain pond, uncertain, and riverine otolith core dD signatures were present among species (P ¼ 0.0003). Approximately 70% of largemouth bass and bluegills collected exhibited an otolith core dD signature expected for riverine-resident fish, with 19% possessing a floodplain pond dD signature in the otolith core, and 10-11% being of uncertain origin ( Figure 5 ). Slightly more than half of the green sunfish examined displayed a riverine otolith core dD signature. In contrast, the majority of black crappies collected had a floodplain pond otolith core dD signature. 
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Sixty of the 82 fish (73%) with floodplain pond dD signatures in their otolith cores were collected below the Gunnison River confluence. Relative proportions of individuals with floodplain pond, uncertain, and riverine otolith core dD signatures were different above versus below the Gunnison River confluence for both largemouth bass and bluegills (P , 0.001); proportions of floodplain pond and uncertain provenance individuals were higher below the Gunnison River confluence than above for both species (Table 1) . Relative proportions of individuals with floodplain pond, uncertain, and riverine otolith core dD signatures were not different above versus within the Grand Valley (P . 0.05) or among individuals collected in river main-channel versus backwater habitats (P . 0.05) for any species. For fish collected in backwaters, presence or absence of direct inflowing ditches or tributary washes did not have an effect on the relative proportions of individuals with floodplain pond, uncertain, and riverine otolith core dD signatures (P . 0.05).
FIGURE 2.-Representative patterns of otolith strontium : calcium ratios (Sr:Ca) along laser-ablated transects from the core to the edge of the otolith for individual fish collected from the Colorado River and its backwaters. Data are shown for (A) an age-4 green sunfish, (B) an age-2 green sunfish, and ‹ (C) an age-4 black crappie. The dashed lines indicate the mean 6 SD Sr:Ca ratio (1.27 6 0.32 mmol/mol) for fish that possessed a riverine otolith core dD signature (n ¼ 79). Note the different scale of the y-axis in panel (C). The median length of fish with a floodplain pond otolith core dD signature was greater (P , 0.05) than that of fish with a riverine otolith core dD signature for all species except bluegill, whose median lengths were not different (P ¼ 0.55) among individuals with floodplain pond and riverine otolith core dD signatures. Relative proportions of individuals with floodplain pond, uncertain, and riverine otolith core dD signatures differed among age classes for all species (P , 0.001). The proportion of fish possessing floodplain pond otolith core dD signatures increased and the proportion of individuals exhibiting riverine otolith core dD signatures declined with increasing fish age ( Figure 6 ).
Otolith thin sections from 212 centrarchids collected from Colorado River backwaters were analyzed for Sr:Ca ratio using LA-ICPMS. All individuals with riverine otolith core dD signatures (n ¼ 79) exhibited otolith core Sr:Ca ratios below the upper 95% confidence limit expected for a riverine-resident fish (Figure 7) . Eight fish whose origins were uncertain based on otolith core dD analysis exhibited elevated otolith core Sr:Ca ratios characteristic of residence in high-salinity ponds, resolving uncertainty regarding the source of these individuals based on dD analysis alone. Fish with floodplain pond dD signatures in their otolith cores (n ¼ 50) exhibited a wide range of otolith core Sr:Ca ratios. Median otolith core Sr:Ca ratios were higher for fish with floodplain pond (median Sr:Ca ¼ 1.51 mmol/mol, corresponding salinity ¼ 0.9%) and uncertain (median Sr:Ca ¼ 1.42 mmol/mol, corresponding salinity ¼ 0.8%) otolith core dD signatures compared with fish with riverine (median Sr:Ca ¼ 1.17 mmol/mol, corresponding salinity ¼ 0.3%) otolith core dD signatures (P , 0.0001). Otolith core Sr:Ca ratio was not associated with fish age for all individuals combined (P ¼ 0.55) or for fish with floodplain pond dD signatures in their otolith cores (P ¼ 0.48). Median otolith core Sr:Ca ratio was higher for black crappies compared with the other three species (P , 0.05; Table  2 ). Maximum estimated salinity corresponding to otolith core Sr:Ca ratios was highest for black crappies, intermediate for green sunfish and bluegills, and lowest for largemouth bass.
Twenty-two fish exhibited evidence of emigration from high-salinity habitats to the Colorado River based on changes in otolith Sr:Ca ratios along laser-ablated transects. Seventeen (77%) of these individuals were collected below the Gunnison River confluence. Four of the 22 fish immigrated to riverine habitats at age 0, 8 immigrated at age 1, 5 moved from floodplain pond to riverine habitats at age 2, and 5 moved to riverine habitats at age 3. All five fish that showed evidence of 
immigration to riverine habitats at age 3 were black crappies.
Discussion

Utility of Otolith dD and Sr:Ca Ratio as Environmental Markers
This study represents the first application of otolith dD analysis to determine the location of origin for individual fish and illustrates the utility of otolith dD as an environmental marker when there are clearly defined spatial differences in water dD. Whereas dD has been used to track movements of migratory terrestrial animals on a continental scale (Hobson 2005) , we showed that dD was capable of discriminating source locations for fish on a much smaller scale (meters to kilometers). Water dD was enriched in 2 H in floodplain ponds compared with riverine habitats due to greater opportunity for evaporative fractionation (Kendall and Caldwell 1998) to be expressed in floodplain ponds as a result of their longer water residence time relative to the Colorado River. Differences in water dD among floodplain ponds reflected varying degrees of hydrologic isolation from the Colorado River, but not dissimilarity of pond morphology or conductivity. That conductivity was a relatively poor predictor of water dD values is probably due to the fact that surface water conductivity in our study area is a function of both evaporation and leaching of elements from Mancos shale (Butler and von Guerard 1996) , whereas water dD is primarily affected by evaporation. We expect that dD will probably be applicable as an environmental tracer for fish in other locations, particularly in arid or semiarid regions where differential evaporative fractionation has ample opportunity to create spatial variation in water dD.
Accurately assigning fish to a source location using otolith microchemistry or stable isotopic composition when the individuals sampled differ in age or year of collection depends on the interannual stability of signatures among locations (Gillanders 2002) . Water dD values for 15 samples collected from the Colorado River in our study area at 1-4 month intervals between December 1984 and June 1987 (Coplen and Kendall 2000) were within the range of water dD values for riverine habitats measured in this study, suggesting that the dD signature of riverine habitats in our study area is stable among years. No data are available regarding interannual variation of water dD in Grand Valley floodplain ponds. However, overlap between Colorado River and floodplain pond dD signatures would only be expected to occur during periods when river discharge was sufficient to inundate ponds; many ditch-connected ponds are semi-isolated from the river by levees and would not be inundated except during extreme floods. Relatively low variation in Sr:Ca ratios along laserablated transects from otolith core to edge (,0.5 mmol/ mol) for floodplain pond fish (age 0 to age 5) of known origin and fish collected from riverine habitats that possessed a riverine otolith core dD signature (age 1 to FIGURE 6.-Relative proportions of centrarchids collected in Colorado River backwater and main-channel habitats with floodplain pond, uncertain, and riverine otolith core signatures, by age-class. The value above each bar is the number of fish analyzed for that age-class. age 5) is indicative of interannual stability in water chemistry within habitats and demonstrates that differences in otolith Sr:Ca signatures of fish from riverine and high-salinity, floodplain pond habitats (up to 11 mmol/mol) can persist among years. These findings are consistent with previous research that demonstrated strong associations between water and otolith microchemistry (Wells et al. 2003) and interannual stability of Sr:Ca signatures in some freshwater environments (Zimmerman and Reeves 2002; Wells et al. 2003; Munro et al. 2005; Ludsin et al. 2006 ).
Centrarchid Source Habitats
The relative abundance of fish with riverine otolith core dD signatures and Sr:Ca ratios indicates that lowvelocity backwater habitats are probably the primary source of three of the four species of centrarchids included in this study. All four species analyzed in this study are associated with low-velocity, river margin habitats (Dettmers et al. 2001; Barko and Herzog 2003) and construct nests in these areas (Pflieger 1997; Scott and Crossman 1998) . Black crappie was the only species for which the majority of individuals collected showed evidence of having emigrated from floodplain ponds, which may be a consequence of their tendency to spawn in or near vegetation (Edwards et al. 1982; Pope and Willis 1997) ; macrophytes are common in Grand Valley floodplain ponds but are rare or absent in backwaters (Martinez et al. 2001) . Black crappie recruitment in many backwaters may also be limited by high turbidity given that negative associations between the density of age-0 Pomoxis spp. and turbidity have been documented in other systems (Mitzner 1991) . Our results indicate that efforts to control abundance of largemouth bass, bluegills, and green sunfish in critical habitat for native threatened and endangered fishes should be concentrated in backwaters. Management of black crappie abundance in critical habitat would require an emphasis on restricting escapement from floodplain ponds; however, black crappies are the least numerous centrarchid present in our study area.
Resolution of the approach used for otolith dD analysis corresponded to approximately the first year of a fish's life based on otolith size (mass) for known-age centrarchids collected in our study area. Thus, the possibility exists that individuals that emigrated from floodplain ponds very early during age 0 may have been misclassified as being of riverine origin, because material indicative of riverine residence could dominate the otolith core dD signature under such a scenario. Largemouth bass, bluegills, and green sunfish exhibit parental care (Pflieger 1997) , which would probably limit the extent of emigration from ponds by age-0 individuals of these species during their first few weeks of life. Additionally, all four fish that exhibited evidence of immigration to riverine habitats at age 0 based on Sr:Ca analysis by LA-ICPMS (a much higher-resolution technique than the one used for dD) had a floodplain pond otolith core dD signature (including one age-9 largemouth bass). All 79 individuals that exhibited a riverine otolith core dD signature possessed an otolith core Sr:Ca ratio consistent with that expected for riverine-resident fish. Consistency of otolith core dD and Sr:Ca results does TABLE 2.-Median and maximum otolith core Sr:Ca ratios (mmol/mol) and associated salinities (%) for black crappies (n ¼ 11), bluegills (n ¼ 23), green sunfish (n ¼ 104), and largemouth bass (n ¼ 74). Salinities were calculated from the relationship shown in Figure 1 . FIGURE 7.-Box plots showing the medians, interquartile ranges, and ranges of otolith core Sr:Ca ratios for fish with floodplain pond, uncertain, and riverine otolith core dD signatures. Values greater than 1.5 3 the interquartile range from the upper or lower quartiles are plotted as outliers (plus signs). The horizontal dashed line indicates the upper 95% confidence limit of the Sr:Ca ratio expected for a riverineresident fish (2.09 mmol/mol); n ¼ the number of samples analyzed.
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not eliminate the possibility that dD analysis may have misclassified origin of some individuals, as the two markers do not differentiate among identical habitat types in our study area (dD distinguishes floodplain pond-from riverine-resident fish, whereas Sr:Ca differentiates between residence in high-salinity habitats, including some floodplain ponds, and low-salinity areas). However, results at least indicate no evidence that mistakes were made. For future applications of otolith dD analysis, advancement of microsampling techniques such as ion microprobe technology (Weber et al. 2002) would be valuable for improving temporal resolution. However, substantial improvement in analytical precision of dD measurements by ion microprobe (currently ;10%) would be required.
We were unable to include an independent set of fish of known environmental history to validate our assignments of source habitat for individual fish. We attempted a transplant experiment to verify our ability to recognize the signature of a previously occupied environment in otolith cores by stocking into a fishless isolated pond. Unfortunately, that experiment failed due to a complete summerkill. The availability of fish of known environmental history in our study area is also quite limited given the open, highly connected nature of river-floodplain systems. The source of any fish collected in the Colorado River is inherently unknown, and therefore individuals obtained from there could not be used for model validation. Very few completely isolated floodplain ponds are present in our study area; all of these ponds were sampled for fish that were used in a regression of otolith dD on water dD (Whitledge et al. 2006 ) that served as the basis for our classification model. Transferring fish from floodplain ponds to cages placed in the Colorado River for the purpose of generating validation data were also impractical given the probabilities of flooding and vandalism.
Directing Centrarchid Control Efforts
Pinpointing locations within the study area that contribute large numbers of nonnative fish species will be important for directing control efforts to problem areas. The greater proportion of fish with floodplain pond otolith core dD signatures collected below the Gunnison River confluence than above it is not likely the result of the Gunnison River contributing substantial numbers of pond-origin fish to the Colorado River, as the density of ponds along the Gunnison River is relatively low (1.2 ponds/rkm; Martinez and Nibbelink 2004) . Rather, the higher incidence of centrarchids emigrating from ponds to the Colorado River below the Gunnison River confluence is probably related to the relatively high density of ponds along the Colorado River in the Grand Valley downstream from where the Gunnison River enters (6.2 ponds/rkm), coupled with the relative abundance of irrigation ditches and washes that enter the Colorado River downstream from the Gunnison River confluence (Martinez and Nibbelink 2004) . Another contributing factor may be that the generally larger, deeper, more structurally complex backwaters found below the Gunnison River confluence may be more attractive to centrarchids or more conducive to their growth or survival than the generally smaller, shallower, and structurally simpler backwaters found above the Gunnison confluence.
Any efforts to control centrarchid escapement from floodplain ponds to the Colorado River should be focused on the reach below the Gunnison River confluence. However, such actions should be secondary to management activities in riverine habitats given that the majority of fish examined in this study exhibited riverine otolith core dD signatures. Placing physical barriers in irrigation ditches and washes represents one possible strategy for controlling centrarchid immigration to critical riverine habitats (Tyus and Saunders 2000) . However, such barriers could negatively affect native fishes that also use ditches and washes in our study area (A. Martinez and L. Martin, Colorado Division of Wildlife, personal observation). Physical or chemical control or outlet screening of individual ponds would have less impact on native fishes (Tyus and Saunders 2000; Martinez 2004 ), but may be impractical for achieving substantial reductions in centrarchid escapement due to the large number of floodplain ponds in the Grand Valley below the Gunnison River confluence, many of which are privately owned. Reinvasion by centrarchids is also common in Grand Valley floodplain ponds in which nonnative fishes had previously been eradicated (Martinez 2004) .
The high proportion (83%) of pond emigrants that left floodplain ponds with water dD values of no more than À100% probably reflects a higher probability of fish immigration to riverine habitats from floodplain ponds that are closely associated with the Colorado River compared with ponds that are more distant from the river. Increased connectivity between large rivers and off-channel floodplain lakes can enhance fish passage between these habitats (Galat et al. 1998) . Centrarchids with floodplain pond dD signatures in their otolith cores exhibited a wide range of otolith core Sr:Ca ratios, reflecting emigration from ponds with differing salinities (predicted range, 0-5%). Most individuals that exhibited evidence of emigration from high-salinity habitats were collected below the Gunnison River confluence, reflecting the relative abundance of high-salinity ponds and washes in that area.
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Significantly higher median otolith core Sr:Ca ratio for black crappies compared with the other three species may indicate a greater tendency for black crappies to originate in high-salinity ponds, but our sample size for black crappies was relatively small. Black crappies have been collected in waters having salinities as high as 4.7% (Edwards et al. 1982) , although other centrarchids collected in this study are also at least as salinity tolerant (Musselman et al. 1995; Susanto and Peterson 1996) . While results of otolith core dD analyses indicate that any efforts to control centrarchid escapement from floodplain ponds should be directed primarily toward locations closely associated with the river, our findings do not provide any more specific evidence that particular ponds or groups of ponds are disproportionately contributing to centrarchid abundance in riverine habitats. No clear pattern with respect to age at immigration was evident from Sr:Ca data. However, our results indicate that centrarchids have the capacity to move into riverine habitats from age 0 to at least age 3.
Lack of a significant association between the relative frequencies of individuals collected in backwaters with pond, riverine, and uncertain otolith core dD signatures and the presence or absence of direct inflowing ditches or washes suggests that the centrarchids that immigrate to riverine habitats are selecting the best available habitats rather than simply occupying those closest to their point of entry into the river. Species collected in this study are typically associated with structurally complex habitats (Scott and Crossman 1998; Barwick 2004 ) and tend to be most abundant in backwaters that are large, relatively deep, and possess plentiful cover (Bundy and Bestgen 2001) . Control efforts in riverine habitats for centrarchids included in this study should emphasize backwaters that contain abundant structure irrespective of presence or absence of direct tributaries rather than focusing on those with inflowing washes or ditches.
Relation between Fish Age and Source Habitat and Implications for Future Research
The proportion of centrarchids with floodplain pond otolith core dD signatures increased with fish age, and individuals with floodplain pond otolith core dD signatures had greater median total lengths than fish with riverine otolith core dD signatures for three of the four species examined. These findings may be consequences of differential mortality of riverine-and floodplain pond-origin fish or interannual variation in river hydrology and its potential effects on centrarchid reproduction, larval nursery, and immigration to the river. The upper Colorado River basin has experienced below average precipitation and mean annual discharge was below average from (USGS 2005 .
During dry years, decreased river-pond connectivity (Galat et al. 1998 ) and increased temporal and spatial extent of low-velocity habitat in the river would be expected. Such conditions could be more favorable for centrarchid reproduction and recruitment in riverine habitats due decreased probability of scouring flows and flushing of larvae from nesting sites (Brown and Ford 2002) , while simultaneously limiting access to the river for pond-dwelling fish. Warmer temperatures during years of reduced snowmelt runoff may also be more optimal for centrarchid reproduction in the river. Thus, the recent drought may explain why the majority of the smallest youngest fish carried a riverine dD signature in the otolith core.
Age-4 and older fish had the highest proportion of individuals with floodplain pond otolith core dD signatures, and the largest individuals of three species (particularly largemouth bass and black crappie) almost always carried a floodplain pond otolith core dD signature. These results suggest that, although the percentage of pond-origin fish in riverine habitats was relatively low at the time of our collections, it may have been higher before the current drought and could increase again during years with normal or above average precipitation and river discharge. During wetter years, increased river-pond connectivity (Galat et al. 1998 ) and a reduction in temporal and spatial extent of low-velocity habitat in the river would be expected. These conditions would be anticipated to be detrimental to centrarchid reproduction and recruitment in riverine habitats (Brown and Ford 2002) , while enhancing access to the river for pond-dwelling fish. Our results suggest that centrarchid control efforts in the upper Colorado River should be focused on riverine habitats when hydrologic conditions are similar to those during this study, but reevaluation of relative proportions of riverinedwelling centrarchids with pond and riverine otolith core dD signatures is recommended during and immediately following years of above average precipitation and river discharge. Possible effects of increased precipitation on riverine and floodplain pond water dD signatures should be assessed as part of this effort. Such a follow-up study would be useful for determining whether management of centrarchid abundance in critical habitat should always be focused within riverine habitats themselves, or if additional emphasis should be placed on controlling centrarchid escapement from ponds to curtail immigration to riverine habitats during high-water years.
Our findings corroborate those of a few other recent studies that demonstrated that otolith microchemistry and isotopic analysis represent powerful techniques for retrospectively describing the environmental history of fishes that reside solely in freshwaters, including lakes (Joukhadar et al. 2002; Brazner et al. 2004; Munro et al. 2005; Ludsin et al. 2006) , streams (Wells et al. 2003) , and small rivers (Bickford and Hannigan 2005) . The results of this study demonstrate that otolith elemental and isotopic assays can also be applied to gain valuable insight into fish movement between large rivers and associated lentic floodplain habitats that would be difficult to obtain by other means. The ability to track the movement of relatively large numbers of individual fish between lotic and lentic habitats will probably prove beneficial to management of both native and nonnative fishes in other large river-floodplain ecosystems.
